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Introduction
Development of diversified energy sources is a world challenge in the struggle against pollution and energy costs reduction. Renewable energy sources (RESs) are more and more associated with energy storage systems (ESSs) to mitigate their high variability and unpredictable nature. More reliable distributed sources of energy are obtained thanks to ESSs [1] [2] [3] . Pumped hydro storage (PHS), compressed air energy storage (CAES), fuel cells, flywheels, batteries, supercapacitors (SCs) can be used to balance intermittent energy sources with different time scales, specific energy and power densities, costs... All these characteristics enable to optimize the ESS design, in terms of reliability and costs, for any application [4] [5] [6] [7] .
The Ragone plot ( Fig.1 ) sums up different ESS's properties in terms of energy and power densities. Thus, a wise association of ESS with complementary characteristics could be an interesting solution to adapt HESS to any electrical load requirements with price and lifespan optimization. [8] .
Different designs of HESSs and many power flow strategies are discussed in the literature [8] [9] [10] [11] . In [12] , it has been demonstrated that the performances and lifespan of ESSs, especially lead-acid batteries, can be reduced because of its operating conditions. Combining different ESSs can have a major impact on ageing mechanisms. For example, it has been proven that the lifetime of a lead-acid battery has increased by 30% when it is associated with SCs [13] [14] .
In this paper, a SC -lead-acid battery storage system is studied. Each unit is connected to a DC bus through a DC/DC converter. In our case, the battery unit has been chosen to provide a large energy density but its discharge current has been limited. SCs are used to deliver the remaining current when the battery's current reaches the limitation.
The first section of this paper introduces the concept of microgrid. A special attention is paid to storage systems and particularly electro-chemical ones. Next, the structure of the HESS is defined and the models of its components are presented. Then, the control strategy of the HESS is discussed and transfer functions of the converters are given. Finally, experimental results are provided.
Description of the global system
In this paper, the studied system is only a HESS associating two storage elements that create a DC bus on which is connected a DC load. The HESS is delivering a periodic pulsed current to the load. Such systems could be part of a microgrid (MG) as illustrated in Fig. 2 . In this example, a photovoltaic source is connected to storage devices through different power static stages to supply AC or DC loads. MG is said to be on "connected mode" when it has a connection with a main distribution grid and "islanded mode" if not. A recent review has been done in [15] . We have a strong interest on the operating conditions of the electro-chemical storage systems. These devices have good performances when the charge and discharge currents are limited. Typically, manufacturers recommend to charge a lead-acid battery below a C/10 current (where C is the battery's nominal capacity) and to discharge the battery at a maximum current of C. These precautions allow to have available the nominal capacity of the battery and to keep a long lifetime.
A small scale experimental prototype has been built to evaluate the performances of our control algorithm. The DC bus voltage is regulated at 8V while a programmable DC electronic load generates current pulses. The typical current profile is described in Fig.3 . This HESS is working as a ma reference, the energy is drawn remaining part of the current is discharge current which corresp The HESS has been designed to these conditions, two 10F-2,7V 1Ah-7V lead-acid batteries Yuas
We have chosen to use two cu discharge of each ESS individua Mode (CCM). According to the used to connect the battery to the
Equivalent circuit model
The structure of our HESS is d studied as described in [8, 13, 14] a constant internal resistor conn resistor in series. To precisely equivalent series resistances (ESR on the DC bus. 
Control strategy and transfer functions of the converters
The global control scheme of the HESS's converters is based on a standard cascade control (Fig. 5) . The voltage loop (outer loop) regulates the voltage of the bus and determines the references of currents of the two converters (inner loops). The regulation is done on the averaged input currents of the two converters which are obtained with a low-pass filter (with a cut-off frequency of 100kHz). Only the buck converter is working until the maximum current that the battery can deliver is reached. Beyond, the two converters are working together to keep 8V on the DC bus. We have used three PI controllers because they are easy to tune, eliminate disturbances and give appropriate responses.
According to the nominal operating conditions of a lead-acid battery, the current of the buck converter is limited to 1A. We also limited the current of the boost converter to avoid too large currents that may damage it. The duty cycles are also saturated in order to take into account real component's switching time. These limitations introduce nonlinear effects that may change significantly the system behavior or even worse, make it unstable. Indeed, when limitations are reached, the integrating action of the controller is growing and can take a very large value. This means that even if the sign of the error changes, the effect on the output of the controller can take a very long time. This phenomenon is called integrator windup. Among the several anti-windup strategies proposed in [16] and [17] , we have chosen to use the tracking method. This method allows to act on the overshoot and settling time of the system by changing the feedback gain of the anti-windup mechanism. A large value of integrating action is prevented because when a limitation is reached, the anti-windup feedback keeps the input of the integrator in a reduced scale. The anti-windup feedback gain is comprised between 0 and the gain of the integrating action. Having a feedback gain close to the gain of the integrating action will reduce the overshoot but will increase the settling time. For this application, we have chosen a gain equals to the gain of the integrating action. The PI controllers and anti-windup strategy are represented in light grey areas in Fig. 5 . By linearizing the averaged equations of the converters over a switching time period and around a steady state operating point we get the HESS's average small signal model. For any signal x(t), is a small variation of x(t) around the nominal value X. The transfer functions of the converters are given by (Eq. 1.b), (Eq. 2.b) and (Eq. 3). For the design of the current loops regulators, we assume that is constant (its dynamic is very slow compared to the current's dynamic). The regulation of the input current of the buck converter is not commonly used, but it is necessary in our case to deal with the nominal operating conditions of the battery.
By neglecting the variations of the input voltage, we find the following transfer function between and which are respectively the Laplace transform of the input current and the duty cycle of the buck converter:
Where is the Laplace variable.
Assuming that , and we can simplify the previous transfer function:
By neglecting the variations of the input voltage, we can write:
Assuming that and we can simplify the previous transfer function:
Then, we have defined the transfer function of the bus voltage, considering that the current is only delivered by the buck converter:
We also looked at the transfer function of the bus voltage, considering that the current is only delivered by the boost converter:
From (Eq.3) and (Eq.4), we can also write:
where is a dimensionless factor.
PI controllers have been designed using the classical phase margin method. We chose large bandwidths to obtain fast settling times: 70 000rad/s for current loops and 7 000rad/s for voltage loop. As a rule of thumb, the inner loop's dynamic of cascade control has to be around ten times faster than the outer loop's dynamic. We set the phase margin around 60° which is supposed to give the best trade-off between system response and overshoot.
For the voltage regulation, we designed a PI controller based on (Eq. 3). To determine the proper reference of the current loop of the boost, we insert the factor (Eq. 5) at the output of the controller as depicted in Fig. 5 .
Experimental results
The system parameters are summarized in table II. First, the system has been simulated with Scilab-Xcos. The results are summarized in Fig. 6 . The duration of the current's load pulses has been reduced to have a good overview of voltage and current dynamics. In Fig. 6 , the current and voltag high (2.1A), the battery current i the DC bus. The voltage's variati
For such levels of currents, we h current of the boost converter d useful for high current pulses. I strategy on our experimental co analog control board, several add
In order to experiment our contro board has also been designed. A we have designed unidirectional
The experimental results (Fig. 8 ) more important in real conditi reference of the boost is 0, the d sensor of the boost converter, the have noticed that anti-windup is not needed (the do not reach their limitations). The anti-windup In consequence, we have chosen to not implem ontrol board. Besides, to implement an anti-wi ditional operational amplifiers would be needed.
ol strategy, we have designed a buck and a boost As no charging strategy for the battery and SC ha converters. ) are similar to the simulations, except the bus v ions than in simulations. In normal condition duty cycle should be around 60%. But due to an e duty cycle reaches its minimum value.
experimental results (step of load's current from en the load current is ng current to regulate e duty cycles and the strategy will only be ment any anti-windup indup strategy on an converters. A control as been implemented, voltage drop which is ns, when the current offset on the current 0.3A to 2.1A).
Unless the current loop is very fa (Fig. 9) . The noise on the cu consequence of the operational buck converter. 
Conclusion
This paper proposes the design and the control strategy of a SC -lead-acid battery HESS adapted to pulsed current loads. The goal of this control scheme is to use each elementary ESS in optimal conditions of use. In our case, the aim of the hybridization is to increase the lifetime of a lead-acid battery by using it under its nominal conditions (the current of the battery has been limited).
Average small signal models of the two converters delivering a pulsed current are presented in this paper. Cascade control and anti-windup tracking has been implemented. It enables to limit the discharge current of the battery in order to respect the constraints for a high lifetime of a lead-acid battery. When high discharge currents are necessary to maintain the bus voltage at the reference, the SCs are delivering the remaining part of the current.
Finally a HESS delivering a pulsed current has been built (power and control boards). Simulations and experimental results validate our approach.
In the future, other energy sources have to be included to the system in order to study the stability of a microgrid which combines a large number of sources. A digital control may be implemented to have a better flexibility and easily experiment different control strategies.
